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Introduction
The generation of three-dimensional (3D) vascular networks is one of the major challenges of tissue engineering . From a fluidic point of view, the vascular system can be deemed as a complex fluidic network comprised of the heart as a pump and a network of channels for blood transportation and distribution. As an attempt to recreate the vasculature, microscale technologies, especially microfluidic systems have emerged as promising tools for building physiological or pathological models of vasculature (Lovett et al., 2009) . Microfluidics can achieve biofluidic transportation in microchannels in dimension spanning four orders of magnitude from centimeters (for larger vessels like the aorta) down to micrometers (such as a capillary) (Whitesides, 2006) . The delicate control in dimension and transportation achieved by microfluidics can be used for mechanistic understandings and therapeutic applications in cardiovascular research and tissue engineering (Andersson and van den Berg, 2004; Choi et al., 2007; Khademhosseini et al., 2006; van der Meer et al., 2009) .
The necessity for an in vitro 3D vascular network has been brought about in recent years largely due to advances in the tissue engineering of complex tissue constructs (Menolascina et al., 2009) . Currently, one of the major obstacles in tissue engineering is the inability to generate tissue engineered constructs with a vascular network (Hacking and Khademhosseini, 2009) . Within the human body, cells are placed no further than 100-200 mm from a capillary which allows cells to receive oxygen and nutrient supplies. As a result, the lack of microvasculature in engineered tissues that are thicker than 200 mm puts a limitation on their mass transfer properties (Carmeliet and Jain, 2000) . While previous works have demonstrated that cell-laden channels with diameters on the order of microns can be engineered in vitro (Chrobak et al., 2006) there is currently no method to branch large channels multi-dimensionally into consecutively smaller ones.
Most of the previous microfluidic-based vascularized systems were built by using approaches that create vascularmimetic patterns embedded in cell-free or cell-laden bulk materials such as synthetic polymers including polydimethylsiloxane (PDMS), poly(lactic co-glycolic acid) (PLGA), or polyglycerol sebacate (PGS) or natural hydrogels including alginate or collagen (Borenstein et al., 2010; Choi et al., 2007; Chrobak et al., 2006; Fiddes et al., 2010; Golden and Tien, 2007; Ling et al., 2007) . The vascular structures are normally in two-dimensional (2D) manner with planar vascularized patterns starting from a single channel that branches out multiple times into thinner channels. Moreover, the 2D vascularized systems usually incorporated microchannels with rectangular cross section that do not recapitulate the circular cross section of the native vessels and result in non-uniform cell seeding and unnatural cellular responses (Borenstein et al., 2010) . Constructs embedded with circular cross sectioned microchannel can be formed by casting oligomer around a cylindrical template (such as a needle) (Chrobak et al., 2006; Golden and Tien, 2007) or gas stream (Fiddes et al., 2010) . Despite the success of creating simple tubular lumen, none of these approaches is able to create vasculature with circular lumens mimicking the vascular network in vivo. Other approaches such as bioprinting and stereolithography have shown great promise to create 3D biomimetic branching vascular network (Jen-Huang et al., 2009; Mironov et al., 2009; Visconti et al., 2010) . However the advanced facilities and expertise for biofabrication may be not readily available to common biomedical laboratories.
''Modular'' or ''bottom-up'' tissue engineering has recently emerged as a promising biofabrication approach in which shape and functional controlled microscale tissue building blocks are assembled into desirable macroscale tissue constructs (Nichol and Khademhosseini, 2009 ). This approach holds great potential to surpass conventional tissue engineering approaches that attempt to control the microenvironment of relatively large structures such as scaffold functionalization, especially for building complex structures with cellular scale precision (Du et al., 2008; Nichol and Khademhosseini, 2009) . In this study, we present a simple approach to rapidly build cell-laden microengineered hydrogel (microgel) constructs embedded with vascular-like microchannels with circular lumen. We assembled an array of microgels, each with a particular architectural design, in a controlled manner in which the microchannels of each microgel were joined together upon the sequential assembly, resulting in an interconnected network mimicking the bifurcating structure of the native vasculature (Shin et al., 2004) . The sequential assembly was achieved in a biphasic system, and was driven by a combination of physical manipulation, fluidic shear, and surface tension. To demonstrate the sequential assembly as a biofabrication approach, we encapsulated endothelial cells and smooth muscle cells into the microgel units with spatial arrangement mimicking the vascular physiology (Stegemann et al., 2007) , which were assembled into a blood vessel-like structure. In comparison with conventional methods, our approach is simple and may provide a useful alternative for in vitro reconstruction of 3D vascular network for building vascularized tissue constructs or vascular pathological/physiological model.
Materials and Methods
All reagents were obtained from Sigma-Aldrich (St. Louis, MO), unless noted otherwise. A drop containing 200 mL of the photocrosslinkable PEGDA prepolymer and PI was pipetted onto a 20 Â 26 mm 2 glass slide treated with octadecyltrichlorosilane 1% (OTS) between two glass slide spacers (150 mm thick) (Fig. 1A) . A microscope cover glass slide was applied on top of the solution drop, which formed an evenly distributed film of prepolymer solution between the two slides. Subsequently, a photomask was placed on the top cover slide, and microgels were formed by exposing the prepolymer solution to UV light (360-480 nm; 12.4 mW/cm 2 ) through the photomask for 15 s.
Fabrication of PEG Microgel Arrays

Assembling and Stabilizing Microgels in Mineral Oil
To assemble the microgels, the glass slide with the microgel arrays was transferred to a 100 Â 20 mm 2 Petri dish [Fisher Scientific (Pittsburgh, PA)] containing 30 mL of mineral oil [CVS Pharmacy (Boston, MA)]. The microgel arrays submerged in the mineral oil were assembled by manually swiping a 27G Â ½ 00 syringe needle (12.7 mm in length, BD) along the surface of the glass slide (underneath the microgel units) in the direction perpendicular to the longitude axis of the microgel arrays (Fig. 1B) . As shown in the supplementary video, the swiping needle first lifted up the microgel unit from the bottom surface in a sequential manner, induced its rotation and then the fluidic shear force caused by the movements of the needle brought the hydrophilic microgels together which were further packed within the hydrophobic mineral oil (Fig. 1C) . The microgel assemblies formed in mineral oil were exposed to a secondary light exposure for 10 s to crosslink and stabilize the structures. To optimize the conditions for the secondary crosslinking, prior to the assembly procedure, we washed the microgel arrays on the glass slide with PEG prepolymer or DPBS containing 1% PI or DPBS as control, respectively.
Optimization of the Assembly Process
The assembly process includes multiple stages starting from approaching the microgels with a needle, rotation of the microgels, and finally the attachment of the microgels to each other. To achieve optimal conditions for the assembly processes, the effects of five different factors on the sequential assembly of microgels were investigated including: (i) the thickness of the microgels (donut-shaped microgels with thickness of 150, 300, 450, and 600 mm); (ii) the distance between consecutive microgels on the cover slide (0.1, 0.5, and 0.9 mm); (iii) the speed of the needle (''slow'': 5.5 mm/s, ''medium'': 9.8 mm/s, and ''high'': 20 mm/s) as measured by the time it took for the needle to travel a predefined distance; (iv) the diameter of the microgels (donut-shaped microgels with outer diameters of 0.5, 1, and 1.5 mm); (v) the surface tension of mineral oil on the assembly process (with addition of 0, 0.02, 0.2, and 2% of Tween 20). For each test, a number of trials were performed (n ¼ 19) and the length of the assembled constructs was averaged. Optimal conditions were determined which resulted in assembled construct with the highest average length.
To analyze the mass transfer of the perfusate into the hydrogel assembly we perfused Rhodamine (0.2 mM in DPBS) through the lumen of an assembled construct and examined the lateral diffusion of the Rhodamine into the microgel by time lapse imaging. Fluorescent images were taken at a rate of 1 pic/s for a duration of 60 s. Figure 1 . Sequential assembly process of microgels using a directed assembly approach: (A) schematic of the microgel fabrication process; (B) schematic of the sequential assembly procedure: glass slide containing a prefabricated array of microgels was immersed in mineral oil and the microgels were assembled into tubular structures by swiping a needle underneath them. The assembly was subsequently stabilized by a secondary crosslinking step; (C) sequence of images taken of the microgels during assembly at nine different times; (D) phase image of the microgel tubular assembly with a single lumen; (E) design and phase image of the microgel arrays which should be assembled into tubular structures embedded with 3D branching lumens; (F) phase images of the microgel assembly with branching lumens. Scale bar: 500 mm.
Viability Test of Cells Encapsulated in Microgels
To confirm that the assembly procedure could be used for biological applications, samples with encapsulated cells were collected after each step of procedure and analyzed for cell viability. NIH-3T3 cells were trypsinized and resuspended in the prepolymer solution at a concentration of 1 Â 10 7 cells/ mL. Cell-laden microgels and microgel assemblies were generated based on the optimized assembly conditions obtained from the previous section. Cell viability was characterized by Live/Dead dyes (2 mL of Calcein AM and 0.5 mL of Ethidium homodimer-1; Molecular Probes, Eugene, OR) in 1 mL of DPBS for 10 min. Cell viability was determined for cells encapsulated inside the microgles that were prepared by exposure of prepolymer solution to UV light for 15 s, washed with a solution containing PI, immersed in mineral oil for 30 s, and subsequently exposed to a secondary UV exposure for 10 s. All samples were incubated for 48 h in cell culture medium prior to quantification of cell viability.
Building Vascular-Like Construct Containing Concentric Layers of Endothelial Cells and Smooth Muscle Cells
A two-step photolithographic method was used to fabricate concentric tubular constructs, with the internal layer labeled with Nile Red (10 mL/mL) and outer layer labeled with 0.2 mm green florescent microbeads (10 mL/mL). Briefly, the outer microgel ring (OD: 1.5 mm, ID: 0.9 mm) was formed by UV exposure through the first photomask. A second photomask designed for the internal ring was aligned with the outer ring, which resulted in the formation of hydrogel ring as the internal layer (Fig. 5A) . The concentric microgel arrays were assembled in oil. To mimic the physiological architecture of native vasculature, concentric microgels containing internal human umbilical endothelial cells (HUVECs) layer and outer smooth muscle cells (SMCs) layer were fabricated following the same procedure. To facilitate the visualization, SMCs were stained with PKH26 (red). Phase and florescent images were captured using an inverted fluorescent microscopy [Nikon (Melville, NY)].
Results
Sequential Assembly of Microgels into Tubular Construct
We performed sequential assembly of hydrophilic microgels in a biphasic reactor containing hydrophobic mineral oil and hydrophilic microgels. To induce the assembly a combination of surface tension and hydrodynamic interaction were used. In particular, microgel arrays containing shape-defined microgel units on a glass cover slide were first fabricated by photolithography and transferred to the mineral oil bath. The directed assembly was induced by swiping a 27G Â ½ 00 needle uniaxially against a linear array of microgels on the glass slide. The swiping needle functioned (i) to lift the microgels off the glass slide; (ii) to produce a local shear force to rotate the microgels and (3) to drive the microgels in proximity of their neighboring microgels. The hydrophilic microgels were further packed with their immediate neighbors in the hydrophobic mineral oil resulting in cylindrical assemblies (Fig. 1D) . The length and the number of the cylindrical microgel assemblies obtained from a single procedure can be determined by the number of microgels in the array, parallel and perpendicular to the swiping direction, respectively. By varying the internal designs of each individual microgel, the sequential assembly could result in microgel assembly with tubular structure or multi-luminal vascular-like network in a parallel manner (Fig. 1E and F) . Figure 1E shows top-view of the photomask design (left) and phase image (middle) of the microgel arrays which generate multi-luminal microgel assembly (depicted by cartoon image in Fig. 1E (right) and phase image in Fig. 1F ) upon assembly.
Optimization of the Sequential Assembly
To consistently assemble microgels into larger constructs, we systematically examined key parameters during the sequential assembly procedure including dimensions of the microgel units, distance between consecutive microgels, swiping speed of the needle, and the effect of the addition of surfactant to mineral oil ( Fig. 2A) .
Thickness of the Microgels
To assess the effects of microgel thickness on the assembly process, we tested microgels with four different thicknesses (150, 300, 450, and 600 mm). It was observed that sequential assembly of 300, 450, and 600 mm thick microgels resulted in assembled constructs containing about eight microgel units on average (Fig. 2B ). It was difficult to assemble thin microgels (i.e., with 150 mm thickness), which were mechanically weak and easily damaged by the needle. Meanwhile, thick microgels (i.e., with 600 mm and larger thicknesses) often had non-straight vertical cross sections due to the non-uniform vertical UV crosslinking under the current photolithography setup. Therefore, 450 mm was chosen as the optimal thickness of the microgel units which were well-formed and yielded longer constructs (3.6 mm in length) upon assembly.
Diameter of the Microgels
We investigated the effect of the cross sectional diameter of the microgels on the yield of the assembly by testing microgels with diameters of 0.5, 1, and 1.5 mm. It was observed that microgels with larger diameters (corresponding to greater surface area) would result in longer assembled constructs (Fig. 2C) . Sequential assembly of 0.5, 1, and 1.5 mm microgels resulted in constructs with an average length of 1.8, 3.6, and 3.5 mm, respectively. This suggests that a size of microgel's interface contact area is a deterministic factor in the assembly process. Microgels with larger diameter resulted in larger contact areas which were shown to facilitate the attachment of neighboring microgels. Meanwhile, it was observed that as the diameter of the microgels increased, larger piece of microgels effected its proper rotation induced by the swiping needle in mineral oil and reduced the average number of microgel units within the assemblies (data not shown). Microgels with an outer diameter of 1 mm resulted in longer constructs compared to the others. We expect that it is possible to improve the sequential assembly of microgels with diameter larger than 1.5 mm using thicker needles that will have larger contact area with the microgels. 
Distance Between the Microgels
Previous reports have shown that as the distance between two microgels increases, the interaction energy between them goes to zero (Shi et al., 2009) . As a result, we decided to examine the effect of separation length on the length of the assembled construct. Microgel arrays with three designs were made with neighboring microgels separated (edge to edge) by three different distances (0.1, 0.5, and 0.9 mm). It was observed that microgels separated by 0.5 mm assembled to constructs with an average length of 3.6 mm that was the greatest among all (Fig. 2D) . Microgels separated by 0.9 mm did not assemble properly and yielded the shortest constructs with an average length of 1.7 mm. This may be due to the long distance between the neighboring microgels that reduced the chance for the adjacent microgels to contact each other. Microgels with the smallest distance (0.1 mm) in between assembled properly but yielded shorter assembled constructs with an average length of 3.2 mm compared to microgel that were 0.5 mm apart. We therefore chose 0.5 mm as the optimal distance between the neighboring microgels in the microgel array.
Velocity of the Needle
The sequential assembly is a rapid procedure regulated by a swiping needle. Detachment of the microgels from the microscope cover slide and their rotation in mineral oil depends on the movement of the needle. Hence, the swiping speed of the needle was altered and its effects were recorded and analyzed. Swiping the needle with a medium velocity (9.8 mm/s) resulted in a construct with an average length of 3.6 mm that was the greatest among all the conditions that were tested. When the needle was swiped with a faster velocity (20 mm/s), the microgels over-rotated and assembled suboptimally and constructs with average length of 2.2 mm were obtained. When the needle was swiped with a low velocity (5.5 mm/s), the fluidic shear caused by the needle was insufficient to move the microgels in contact with each other, resulting in shorter constructs with an average length of 2.2 mm (Fig. 2E) . The needle was manually manipulated in this study and can be potentially automated to enhance the efficiency.
Effects of Surfactant
Surface tension has been determined to be a major driving force of microgel assembly in mineral oil (Du et al., 2008) . Hence, the surface tension of the mineral oil/water interface was altered by the addition of surfactant to the oil (0, 0.02, 0.2, and 2.0% of Tween 20 in mineral oil). It was observed that the final length of the construct varied dramatically. As surfactant concentration increased, the average length of assembled constructs decreased in a linear manner with the longest constructs being generated with a length of 3.6 mm (Fig. 2F) . In our experiments, the addition of surfactant decreased the surface tension between the microgels and mineral oil. This contributed to the decreased number of microgels within the assembled constructs.
Stabilization and Perfusion of the Assembled Constructs Embedded With an Interconnected Microchannel Network
Cylindrical microgel constructs with single or multiple bifurcating channels were created by sequential assembly of microgels with specific internal design. After sequential assembly in mineral oil the cylindrical constructs were further stabilized by a secondary crosslinking. We investigated the effects of residue solution between the consecutive microgels on the secondary crosslinking. Prior to assembly, the microgel array was washed with DPBS, DPBS with 1% PI, and 10% PEG prepolymer solution with 1% PI, respectively (Fig. 3A-C) . When washed by PEG prepolymer solution with PI, clogging in the lumen of the construct was observed due to the polymerization of the prepolymer solution leaking into the lumen. The assembled construct was well stabilized in the presence of 1% PI in DPBS without any visible clogging. We expect that the non-reacted acrylate groups of the PEG microgels were further crosslinked in the presence of additional PI, while the PI solution leaking to the lumen was unable to undergo self-polymerization. While using DPBS solution in the washing step could achieve stabilization of the assembly construct to some extent after secondary UV crosslinking, the stabilization was weaker compared to the PI solution and easily broken when perfusion was applied. We therefore performed UV stabilization of the tubular hydrogel construct in the presence of remaining PI solution and perfused the construct with single or multiple bifurcating lumens.
After being stabilized by secondary crosslinking, perfusion experiment was performed (see supplementary materials) to check the connectivity of the channels in the assembled construct. To facilitate the perfusion process, the assembled constructs were positioned in a custom-built perfusion chamber ( Fig. 3D and E ). An assembled tubular structure with simple single-channel (Fig. 3F ) and another structure with multiple channels (Fig. 3G) in which a lumen with a 500 mm diameter was branched into consecutively smaller channels (as small as 100 mm in diameter) were perfused with fluorescent beads. To make the perfusion process of the construct with multiple lumens feasible, larger-diameter hydrogels with wider lumens were fabricated. These hydrogels had an outer diameter of 1.2 mm and a minimum inner diameter of 100 mm. The constructs made with the modified microgels were perfused successfully with 0.5 mm diameter florescence beads at an average flow rate of 3 mL/min.
Diffusion of nutrients and waste through the engineered construct is critical for the survival of the cells. Here we used Rhodamine dye to visualize this process in our experiments. Rhodamine dye perfused through the gels in a relatively short time (Fig. 3H ). The high speed at which this dispersion occurred is suggestive that it was not a purely diffusive behavior and may have been aided by a convective process. Further studies in this behavior are currently ongoing in our laboratory.
Sequential Assembly of Cell-Laden Microgels
To validate the use of the sequential assembly process for biomedical applications, we encapsulated NIH-3T3 fibroblasts the microgel building blocks were washed by a solution containing: (A) 10% PEG prepolymer, (B) PI (1% in DPBS) or (C) DPBS, respectively, before assembly; (D) photograph of the perfusion platform. E: Schematic of the perfusion chamber. The perfusion platform is mainly comprised of a PDMS enclosure as a reservoir for microgels and two needles inserted into the two ends of the microgel assembly, functioning as inlet and outlet, respectively; (F-G) Perfusion of the stabilized tubular microgel assembly with single or branching lumens by a suspension of green fluorescent microbeads in DPBS; (H) sequence of florescent images taken at three different times of the transport of fluorescent dye (Rhodamine) radially across the microgel assembly as it was perfused through the lumen of the microgel assembly. The area in between the dashed lines is the lumen of the assembled construct. Scale bar: 500 mm.
within PEG microgels and confirmed the viability of cells by using a viability assay. To further characterize this process, we analyzed the effects of each step in the microgel assembly process (Fig. 4A-E) . Three samples from each condition were used for quantification of cell viability. We observed that none of the steps resulted in a significant amount of cell death to the encapsulated NIH-3T3 fibroblasts, similar to previously published studies (Nguyen and West, 2002; Weber et al., 2006) . Moreover, it was observed that cell viability of $90% was remained after 2 days in culture media (Fig. 4F) . The obtained results showed the cell-friendly feature of this assembly approach and serves to validate the use of this assembly process for biological applications. Long-term cell viability (>2 days) was not determined since cells are immobilized in a non-degradable PEG within which they cannot proliferate. The slight loss of cell viability may be due to water-soluble contaminants derived from the hydrophobic phase and the duration of UV exposure during each crosslinking step.
Building Vascular-Like Construct Containing Layers of HUVEC and SMC by Assembling Concentric Microgels
To show the feasibility of fabricating biomimetic vasculature, we generated a concentric design for the microgel building blocks to emulate the two most inner layers of arteries (Jones, 1979; Stegemann et al., 2007) . Concentric microgels were fabricated by sequential photocrosslinking through two overlaying masks (Fig. 5A ). Concentric microgels with internal layer stained with Nile Red and external layer stained with green florescent microbeads were Figure 4 . Viability tests for the cell-laden tubular hydrogels as a function of the steps in the assembly process. The sequential assembly procedure was shown to be cellfriendly as demonstrated by viability tests for: (A) 3T3 fibroblast-laden microgels; (B) microgels washed three times with PI (1% in DPBS); (C) microgels exposed to oil; (D) microgels exposed to both PI and oil; (E) microgel assembly after 2 days in culture medium; (F) quantification of samples (n ¼ 3) after each fabrication step showed that the assembly process did not result in a significant loss of cell viability. Scale bar: 500 mm. fabricated and assembled into tubular construct in oil (Fig. 5B) . As the first attempt toward building tissue engineered construct mimicking the native vasculature, SMCs, and HUVECs were encapsulated in the external and internal layers of the microgel, respectively (Fig. 5C ) and the tubular constructs upon assembly exhibited architecture with physiology-relevant arrangement (Fig. 5D ).
Building Assembled Constructs With Different Architecture Using the Assembly Method
To show that the assembly method can be applied to microgels with complex architecture microgels with cross (lock) (Fig. 6A ) and donut (key) shapes were fabricated and successfully assembled in oil (Fig. 6B) . Moreover, microgels with rectangular cross section were assembled in oil (Fig. 6C) . Stacking multiple microgels on top of each other within few seconds shows that this method could potentially be used as a substitute method for other current stacking methods. Green and red labeled microgels were assembled in an alternating manner (Fig. 6D) to show the increased level of control over the architecture of the assembled constructs.
Discussion
Despite the great progress in the emerging field of ''modular'' or bottom-up tissue engineering, assembling modular tissues with specific microarchitectures into larger tissue blocks has remained a great challenge (Nichol and Khademhosseini, 2009 ). There still exists a lack of effective and simple approach to construct 3D tissues with a functional vascular network. As an initial attempt to construct biomimetic 3D vasculature, in this work, we developed a sequential assembly approach that takes advantage of the predefined localization of the microgel units in the microgel arrays and the tendency of hydrophilic PEG microgels to assemble to larger blocks when placed in proximity in hydrophobic environment such as mineral oil. We chose PEG hydrogel as the bulk materials since PEG is biocompatible and exhibits mechanical properties similar to those of soft tissues which makes it qualified for vascular (Nguyen and West, 2002) . Furthermore, PEG hydrogels demonstrate low levels of cytotoxicity and elicit almost no immunogenic response (Gombotz et al., 1991) . Although PEG microgels used here are not biodegradable, bioactive and proteolytic components (i.e., RGD peptide and Matrix metalloproteinase (MMP)-sensitive motif) can be incorporated to improve its properties (Lutolf et al., 2003; Nichol et al., 2010) .
In comparison with previously established assembly approaches (Du et al., 2008; McGuigan and Sefton, 2006) , the sequential assembly presented in this work exhibits better control over the relative spatial arrangement of different building blocks and overall architecture of the final assembly. Moreover, the size of assembled structure can be easily regulated through controlling the total number of the microgel units in the microgel array. Although the assembly process was performed manually in this study, the entire procedure can be automated to improve the stability and efficiency. In the current approach, the length of the assembled vessels equals to ''the thickness of one microgel building block'' multiplied by ''the number of the microgel building blocks within the assembly.'' The thickness of one microgel building block cannot be further increased due to the limited penetration of the UV light for crosslinking. The number of microgel building blocks within the assembly can be increased tremendously by adding more building block designs in the photomask along the direction of the assembly which result in more building blocks available to be assembled. It is foreseen that the current manual assembly process will make it difficult to assemble a large number of microgel building blocks due to the relative instability of manual manipulation and an automated system as proposed above will be very useful to consistently obtain longer microgel assembly. For example, to perform the directional movement of the needle, we could design a direct current (DC)-motor generator attached to a converter that transforms the rotational motion of the motor to translational movement of the needle.
We demonstrated preliminary application of the sequential assembly to fabricate vascular-like constructs with double layers containing endothelial cells and smooth muscle cells. Future work will focus on performing longterm perfusion culture to develop mature vasculature and characterizing its functions. We expect the maturation of the vasculature inside the hydrogel requires dynamic remolding of the cells. Therefore, we would try to use more bioactive hydrogel such as biodegradable PEG or photocrosslinkable gelatin with chemical and mechanical properties better mimic the extracellular matrices (Nichol et al., 2010) . The ability of this approach to create constructs with an intrinsic vascular network potentially offer solutions to tackle one of the most challenging issues in tissue engineering, namely vascularization of larger tissue constructs .
Besides our main interests in vascular systems, the sequential assembly can also be used as a general biofabrication method for building hydrogel construct containing multiple cell types with defined physiological architectures and functions. For example, cardiac muscle progenitor cells could be encapsulated in cylindrical microgels made from biodegradable PEG or gelatin to mimic the native muscle fiber. With the embedded vascularlike network, the assembled tissue construct can be further cultured under perfusion for developing functional muscle tissue in vitro.
Conclusion
In summary, we have developed a directed bottom-up approach that could potentially be used for engineering tissue-like constructs with an embedded vascular network. The sequential assembly process enables the spatial control of the individual components within the final assembled construct in a preprogrammed manner. Microengineered hydrogels with internal microchannels were assembled into a tubular construct with multi-level interconnected lumens. Parameters governing the assembly process were examined and conditions were determined that maintained the viability of the encapsulated cells. These data suggest that the assembly method could be used for engineering tissue constructs with 3D vascular network and other complex architectures with physiological relevance.
